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MUCOSAL IMMUNOLOGY

Innate lymphoid cells regulate
intestinal epithelial cell glycosylation

Yoshiyuki Goto,>® Takashi Obata,"® Jun Kunisawa,"*® Shintaro Sato,"?
Ivaylo I. Ivanov,® Aayam Lamichhane,' Natsumi Takeyama,"” Mariko Kamioka,'
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Fucosylation of intestinal epithelial cells, catalyzed by fucosyltransferase 2 (Fut2), is a
major glycosylation mechanism of host—microbiota symbiosis. Commensal bacteria induce
epithelial fucosylation, and epithelial fucose is used as a dietary carbohydrate by many of
these bacteria. However, the molecular and cellular mechanisms that regulate the
induction of epithelial fucosylation are unknown. Here, we show that type 3 innate
lymphoid cells (ILC3) induced intestinal epithelial Fut2 expression and fucosylation in
mice. This induction required the cytokines interleukin-22 and lymphotoxin in a commensal
bacteria—dependent and —independent manner, respectively. Disruption of intestinal
fucosylation led to increased susceptibility to infection by Salmonella typhimurium. Our
data reveal a role for ILC3 in shaping the gut microenvironment through the regulation of

epithelial glycosylation.

n the gastrointestinal tract, bilateral regula-
tion between the gut microbiota and the host
creates a mutually beneficial environment.
The intestinal epithelium is a physical barrier
that separates the environments inside and
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outside the mucosal surface. Intestinal epithelial
cells (ECs) are the first line of defense against
foreign antigens, including those from commen-
sal and pathogenic bacteria. ECs play key roles
in initiating and maintaining an immunologi-
cally appropriate and balanced environment in
reaction to constant foreign stimulation (Z). Resi-
dent commensal bacteria support the develop-
ment of this functional mucosal immune system,
and in turn, mucosal immune cells control the
homeostasis of the gut microbiota and protect
against pathogenic bacterial infection through
intestinal ECs. In particular, type 3 innate lym-
phoid cells (ILC3) produce interleukin-22 (IL-22),
which not only regulates the homeostasis of the
commensal microbiota but also protects against
Citrobacter rodentium infection, presumably by
inducing EC-derived antimicrobial molecules such
as Regllly (2-5).

Fucosylated carbohydrate moieties expressed
on intestinal ECs are involved in the creation of
an environmental niche for commensal bacteria
in mice and humans (6-10). Fucosylated glycans
are generated by the addition of an 1-fucose residue
via an ol-2 linkage to the terminal B-p-galactose
residues of glycan in a process catalyzed by fucosyl-
transferase. Two fucosyltransferases, Futl and
Fut2, mediate intestinal epithelial fucosylation,
and each enzyme acts on a distinct subset of epi-
thelial cells. Futl regulates fucosylation of Peyer’s
patch (PP) M cells, whereas Fut2 is a key enzyme
regulating intestinal columnar epithelial fucosyla-
tion and the production of secretory fucosylated

ABO(H) histo-blood group antigens (7). Defective -

Fut2 has been shown to result in susceptibility
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to Candida albicans infection in mice (72). In
addition, inactivating polymorphisms of FUT2
are associated with metabolic abnormalities and
infectious and inflammatory diseases in humans
(13-19).

The importance of epithelial fucose has been
explored through studies of host-microbe inter-
actions. Signals from commensal bacteria are
required for epithelial fucosylation (6). Specific
commensals, in particular Bacteroides, have been
shown to induce epithelial fucosylation and are
able to catabolize fucose for energy or incor-
porate it into bacterial cellular components—
capsular polysaccharides—that give microbes
a survival advantage in competitive environments
(8, 9). Indeed, a lack of Fut2 alters the diversity
and composition of the fecal microbiota in hu-
mans and mice (20, 2I). Therefore, epithelial fu-
cose functions as a mediator between the host
and commensal microbiota. Although a previous
report proposed a model in which Bacteroides-
EC interaction mediates epithelial fucosylation (7),
the precise mechanisms by which Fut2 regulates
fucosylation remain largely unknown.

Microbiota induces epithelial fucosylation

Epithelial fucosylation, a major glycosylation
process, occurs in the small intestine (10, 11).
To assess the inductive mechanism of intestinal
epithelial fucosylation, we first investigated the
localization of fucosylated ECs (F-ECs) along the
length of the small intestine, divided equally into
four parts from the duodenum (part 1) to the ter-
minal ileum (part 4), in naive mice (Fig. 1A). The
frequency of F-ECs, detected with the a(1,2)-fucose-
recognizing lectin Ulex europaeus agglutinin-1
(UEA-1), was low in the duodenum and jejunum
(part 1 and a portion of part 2; <15% F-ECs) and
gradually increased toward the ileum (part 4;
40 to 90% F-ECs) (Fig. 1, A to C). Consistent with
epithelial fucosylation, epithelial Fut2 expression
was also higher in the ileum (Fig. 1D). Because
greater numbers of microorganisms are present
in the distal ileum than in the duodenum (22),
it may be possible that high numbers of ileal
F-ECs are induced and maintained through
microbial stimulation. To test this hypothesis,
we examined the fucosylation status of ileal
ECs (part 4) in mice treated with a mixture of
antibiotics (AB), as well as in germ-free (GF)
mice. The number of F-ECs was dramatically
reduced in AB-treated and GF mice (Fig. 2A and
fig. S1A). Furthermore, expression of epithelial
Fut2 was also reduced in AB-treated mice (Fig.
2B). Epithelial fucosylation was restored after
cessation of AB treatment and in conventional-
ized GF mice (Fig. 2A and fig. S1A). In addition,
fucosylation of goblet cells, but not Paneth cells,
was lost in AB-ireated and GF mice (Fig. 2C), in-
dicating that commensal bacteria induce fuco-
sylation of columnar epithelial cells and goblet
cells, but not Paneth cells.

It has been shown that epithelial fucosylation
can be induced by the mouse and human com-
mensal Bacteroides thetaiotaomicron (6). How-
ever, on the basis of bacterial 16S ribosomal RNA
(rRNA) gene clone library data obtained from
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isolated ileal mucus samples from naive mice (Fig.
2D), we did not detect B. thetaiotaomicron in our
colony, suggesting that other commensals can
induce epithelial fucosylation. To identify which
indigenous bacteria are responsible for the in-
duction of F-ECs, we analyzed mucus-associated
bacterial populations residing in the mouse duo-
denum (part 1) and ileum (part 4). In contrast
to the predominance of Lactobacillus in the duo-
denum, segmented filamentous bacteria (SFB)
predominated in the ileum (Fig. 2D); this is
consistent with previous studies (2.3, 24). SFB are
Gram-positive bacteria that preferentially colo-
nize the epithelial surface of the terminal ileum,
where they induce T helper 17 (Ty17) cells (25, 26).
Similar to their effect on Tyl7 cell-inducing mi-
crobiota (27), vancomycin, ampicillin, and to
some extent metronidazole—but not neomycin—
extinguished epithelial fucosylation (fig. S1, B
and C). Furthermore, consistent with the emer-
gence of SFB, epithelial fucosylation is initiated
after weaning (6, 28). To investigate whether SFB
have the potential to induce F-ECs, we examined
mono-associated gnotobiotic mice and found
that F-ECs were induced in SFB but not in Lacto-

A

bacillus murinus mono-associated mice (Fig. 2E).
Together, these results suggest that epithelial
fucosylation in the terminal ileum is induced by
commensal bacteria, including SFB, under phys-
iological conditions.

ILC3 are required for
epithelial fucosylation

We next investigated the cellular and molec-
ular mechanisms of F-EC induction. Commensal
bacteria, including SFB, induce the prolifera-
tion of intraepithelial lymphocytes and immu-
noglobulin A (IgA)-producing cells and the
development of Ty17 cells; they also modulate
the function of ILCs (3, 4, 25-27, 29). To assess
whether epithelial fucosylation is induced di-
rectly by commensal bacteria or is mediated by
mucosal immune cells, we first analyzed the epi-
thelial fucose status of T cell-, B cell-, and Rag-
deficient mice. The number of F-ECs was not
decreased in T cell- or B cell-deficient mice (fig.
S2), indicating that T cells and B cells are dis-
pensable for the induction of epithelial fucosyl-
ation. Although SFB induce Tyl7 cells (25, 26),
Ty17 cells are not required for epithelial fucosyl-

Small intestine

Stomach

B Part 1

Part 4

o
*
*

5.07

-
=3
=]

68.21

=]
<o

F-ECs (%)
8

ation because 1L-6, a critical cytokine for Ty17
cell differentiation in the intestine (30), was also
not necessary for the induction of F-ECs (fig. S3,
A to C). We next analyzed RAR-related orphan
receptor-yt (RORyt)-deficient mice, which lack
the ILC3 subset, in addition to Ty17 cells (30, 31).
RORyt-deficient mice exhibited a marked de-
crease in the number of F-ECs, accompanied by
a decrease in Fut2 expression in ileal ECs (Fig.
3, A to D). These findings suggest that ILC3 are
critical inducers of F-ECs. This was further sup-
ported by our observation of few F-ECs in the
ileum of Id2-deficient mice, which do not develop
any of the ILC subsets (Fig. 3, E to G) (31, 32).
Although both RORyt- and Id2-deficient mice
lack PPs (33, 34), PPs are not necessary for epi-
thelial fucosylation because PP-null mice, gener-
ated by treatment with monoclonal antibody
(mAD) to IL-7R during fetal growth, had normal
levels of F-ECs (fig. S4). ILC3 in the small in-
testine are aberrantly expanded in Rag-deficient
mice (35), and elevated numbers of F-ECs were
observed in these mice (Fig. 3, H and I), support-
ing the notion that F-ECs are induced by ILC3.
Because 1LC3 express higher levels of CD90, they

Part 1 Part 2
‘{ 3,

1.0 -

Fut2
relative expression

Fig. 1. F-ECs are dominant in the ileum. (A) Mouse small intestines were di-
vided equally into 4 parts (parts 1, 2, 3, and 4), from the proximal (duodenum)
to the distal (ileum) ends (left), and whole-mount tissues were stained with
UEA-1 (red) and WGA (green) to detect F-ECs (UEA-1" WGA™ cells) (right).
Scale bars, 100 um. Data are representative of three independent experi-
ments. (B and C) Flow cytometric analysis of intestinal ECs isolated from
part 1 and part 4 of the small intestines of C57BL/6 (B6) mice. Representative
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dot-plots are shown in (B). Percentages and mean numbers (horizontal
bars) of fucosylated epithelial cells (n = 11 mice per group) are shown (C).
SSC, side scatter. Data of two independent experiments are combined. (D)
Expression of Fut2 in ECs isolated from part 1 and part 4 of the small in-
testine isolated from five to six mice per group. Error bars indicate SD. **P <
0.01 by using Student's t test. Data are representative of two independent
experiments.
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can be depleted with a mAb to CD90 (36, 37). To
identify whether ILC3 induce F-ECs, we treated
wild-type and Rag-deficient mice with a mAb to
CD90. Fut2 expression and the number of F-ECs
were markedly decreased after depletion of

A No treatment AB treatment

Goblet .
cells

Lactobacillales
E Staphylococcus

Jeotgalicoccus

Clostridia
SFB
Others

Streptococcus

Fig. 2. Commensal bacteria induce epithelial fucosylation under homeo-
static conditions. (A) Whole-mount ileal tissues of AB-treated mice and
conventionalized AB-treated mice were stained with UEA-1 (red) and WGA
(green) (n = 3 mice per group). Scale bars, 100 um. Data are representative
of two independent experiments. (B) Fut2 expression in ECs isolated from
part 1 (duodenum) and part 4 (ileum) of the small intestines of wild-type
(WT) and AB-treated mice (n = 3 mice per group). Error bars indicate SD.
*P < 0.05 by using Student's t test. Data are representative of two indepen-
dent experiments. (C) Tissues from part 1 and part 4 of the small intestines of
WT, AB-treated, and GF mice were stained with UEA-1 (red), WGA (green),
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ILCs in both wild-type and Rag-deficient mice
(Fig. 3, J to M, and fig. S5, A and B). Substan-
tial numbers of SFB were still observed in
RORyt-, 1d2-, and CD90™ ILC-depleted mice
(fig. S6, A and B). Therefore, the defective epi-

AB —» Conv (1 wk)

thelial fucosylation in these models was not
attributable to the absence of F-EC-inducing
commensals. Collectively, these results indicate
that CD90" ILC3 are required for the induction
and maintenance of F-ECs.

1.0

05

Fut2
relative expression

L. murinus
gnotobiotic mice -

SFB
gnotobiotic mice

UEA-1 WA

and 4" 6-diamidino-2-phenylindole (DAPI) (blue). Arrows show Paneth celis
(top) and goblet cells (bottom). Scale bars, 50 um. Data are representative of
two independent experiments. (D) Bacterial populations isolated from the
mucus fraction of part 1 and part 4 of mouse small intestine were analyzed by
means of 165 rRNA gene clone library. Representative graphs were constructed
from samples (part 1, n = 480 clones; Part 4, n = 477 clones) isolated from five
different mice (95 or 96 samples were obtained from each mouse). (E) lleal
tissues of GF, SFB, or L. murinus mono-associated mice (n = 3 mice per group)
were stained with UEA-L (red) and WGA (green). Scale bars, 100 pm. Data are
representative of two independent experiments.
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IL-22 produced by ILC3 mediates
epithelial fucosylation

We next investigated how ILC3 induce epithe-
lial fucosylation. ILC3 cells secrete 11L-22, which

stimulates the antimicrobial function and main-
tenance of intestinal ECs (3, 4, 36, 35). Indeed,
the expression of 122 gene was much higher in
ILC3 than in any other intestinal immune cell

subset (fig. S7A). We therefore assessed whether
commensal bacteria regulate ILC3 differentiation
and cytokine expression. Although AB-treated or wild-
type mice had similar numbers of CD3~ RORyt*
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Fig. 3. CD90* RORyt* ILC3 induce F-ECs. (A and B) Representative dot-
plots (A) and percentages and means (B) (horizontal bars) of ileal F-ECs
isolated from Rorc™* and Rorc8™8® mice (n = 10 mice per group). SSC,
side scatter. **P < 0.01 by using Student's t test. Data of two independent
experiments are combined. (C) Whole-mount ileal tissues from Rorc*™’*
and Rorc&™8"® mice were stained with UEA-1 (red) and WGA (green) (n = 10
mice per group). Scale bars, 100 pm. Data are representative of two
independent experiments. (D) Expression of Fut2 in ileal ECs isolated from
Rorc** and Rorc®®8" mice (n = 5 mice per group). Data are representative
of two independent experiments. Error bars indicate SD. *P < 0.05. (E and F)
Representative dot-plots (E) and percentages and means (F) (horizontal
bars) of ileal ECs isolated from Id2*/* and /d2~~ mice (n = 3 mice per group).
Data of three independent experiments are combined. (G) Whole-mount
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staining of ileal villi isolated from Id2*/* and /d2™/~ mice. Scale bars, 100 pm.

Data are representative of three independent experiments. (H and J)
Representative dot-plots of ileal ECs isolated from Rag*’~ and Rag™~ mice
(H) and Rag™"~ mice treated with mAb to CD90 (anti-CD90 mAb) or isotype
control Ab to CD90 (J) (n = 3 mice per group). (I and K) Whole-mount
staining of ileal villi isolated from Rag*’~ or Rag™~ mice (I) and anti-CDI0
mAb~ or anti-CD90 isotype control Ab—treated Rag™~ mice (K) (n = 3 mice
per group). Scale bars, 100 um. Data are representative of two independent
experiments. (L and M) Percentages and means (horizontal bars) of ileal F-ECs
(L) and Fut2 expression (M) isolated from anti-CD90 mAb- or isotype control
Ab-treated Rag™" mice (n = 3 mice per group). Data are representative of two
independent experiments. Error bars indicate SD. *P < 0.05, **P < 0.01 by

using Student's t test.
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ILC3 (fig. S7, B and C), expression of 1L-22 was
significantly reduced in AB-treated mice but was
restored after cessation of AB treatment (fig.
S7D). To identify whether IL-22 is involved in
the induction of F-ECs, we analyzed mice lacking
11-22 and found that they had reduced numbers
of F-ECs; this was correlated with a decrease
in epithelial Fut2 expression (Fig. 4, A and B).
We next examined whether 11-22 alone induced

_(fig. S8, A and B). In both AB-treated wild-type

epithelial fucosylation. We used hydrodynamic
delivery of an /722-encoding plasmid vector so as
to ectopically overexpress I1-22 in AB-treated mice

and Rorc®/8® mice, F-ECs were induced in both
the duodenum (part 1) and the ileum (part 4) in
mice ectopically producing IL-22 but not in
mice receiving control vector (Fig. 4, C and D,
and fig. S8, C and D). This suggests that I1-22 is

sufficient for epithelial fucosylation. Expression
of Fut2 was correlated with the presence of I1-22-
induced F-ECs (Fig. 4E). To confirm whether
I1.-22 produced by ILC3 is necessary for epithe-
lial fucosylation, Rag-deficient mice were treated
with an antibody in order to neutralize I1-22. Epi-
thelial Fut2 expression and fucosylation were in-
terrupted by the neutralization of 1L-22 (Fig. 4,
F to H). Microbial analyses of IL-22-deficient and
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Fig. 4. 1L-22 produced by ILCs is involved in the induction of F-ECs. (A
and B) Whole-mount tissues stained with UEA-1 (red) and WGA (green) (A)
and gene expression of Fut2 (B) in ileal villi isolated from 122"/ or 12277~
mice (n = 6 mice per group). Error bars indicate SD. *P < 0.05 by using
Student's t test. Scale bars, 100 um. Data are representative of two inde-
pendent experiments. (C to E) AB-treated C57BL/6 (B6) or Rorce™&®P mice
were intravenously injected with IL-22—-encoding plasmid or control vector.
Whole-mount staining (C), frequency of F-ECs (D) (mean, horizontal bars),
and Fut2 mRNA expression was analyzed by means of rRT-PCR (n = 3 mice
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per group) (E). Scale bars, 100 um. Error bars indicate SD. **P < 0.01 by
using Student's t test. NS, not significant. Data are representative of two
independent experiments. (F to H) Representative dot-plots (F), whole-mount
histological images (G), and expression of Fut2 (H) of ileal ECs isolated from
Rag™’~ mice treated with antibody to 1L-22 or control Ab. Scale bars, 100 um.
Error bars indicate SD. *P < 0.05 by using Student’s ¢ test. (I) Expression of
l22 inileal LP cells from Rag™~ mice treated with antibody to CD9YO0 or control
Ab. Error bars inidicate SD. **P < 0.01 by using Student's t test. Data are

representative of two independent experiments.
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antibody-to-IL-22-treated Rag-deficient mice re-
vealed the presence of SFB (fig. S6, A and B).
These findings demonstrate that ILC3-derived
IL-22 induced by commensal bacteria mediates
epithelial fucosylation. Furthermore, depletion
of ILC3 by injecting antibody to CD90 into Rag-
deficient mice resulted in marked reduction of
1L-22 expression (Fig. 41), supporting the notion
that IL-22-mediated signals produced by ILC3
are a key part of the EC fucosylation cascade.
11L-22R is composed of two subunits, IL-22R1 and
IL-10RB (39). Whereas IL-10RB was ubiquitously
expressed, expression of IL-22R1 was specifically
detected in intestinal ECs and was not reduced,
even after the depletion of commensal bacteria
(fig. S9, A and B). Taken together, our findings

indicate that commensal bacteria provide sig-
nals that prompt ILC3 to produce 11-22, which
leads to the induction of Fut2 by IL-22R-positive
intestinal ECs.

LTa expressed by ILC3 induces
epithelial fucosylation

ILC3 support the development and mainte-
nance of secondary lymphoid tissues through
the expression of lymphotoxins (L.Ts)—especially
LTa1f2 (40). The expression of Lta and Lth genes
was higher in ILC3 than in any other intestinal
immune cell subset (fig. S1I0A). In contrast to 11-22,
which was induced by commensal bacteria, Lta
and Ltb gene expression in ILC3 was not affected
by commensal flora because the AB treatment

did not alter the gene expression (fig. S10B). How-
ever, intestinal epithelial fucosylation and Fut2
expression were severely impaired in Lta™™ mice
(Fig. 5, A to C). Lta™" mice possess congenital
defects in secondary lymphoid organs (41). To
elucidate the contribution of LTo to epithelial
fucosylation in adult mice that have established
secondary lymphoid organs, wild-type mice were
treated with LTBR-Ig, which blocks LTa1B2 sig-
naling. Epithelial fucosylation was attenuated
by treatment with LT8R-Ig (Fig. 5, D to E), im-
plying that a continuous LT signal is required for
epithelial fucosylation. To investigate whether
LTa in ILC3 is crucial for the induction of F-ECs,
we constructed mixed bone marrow (BM) chi-
meric mice by transferring BM cells taken from
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Fig. 5. LTs in innate lymphoid cells induce F-ECs. (A) Representative
values and means (horizontal bars) of frequency of ileal F-ECs isolated from
Lta™* or Lta™ mice (n = 10 mice per group). Data of two independent ex-
periments are combined. **P < 001 by using Student's t test. (B) Repre-
sentative whole-mount staining of ileal villi isolated from Lta*’* or Lta™~ mice
(n =10 mice per group). Scale bars, 100 um. (C) Expression of Fut2 in ileal ECs
isolated from Lta™* or Lta™~ mice (n = 5 mice per group). Error bars inidicate
SD. **P < 0.01 by using Student's t test. Data are representative of two
independent experiments. (D) Representative whole-mount staining of ileal villi
from C57BL/6 mice injected with control IgG or LTBR-lg. Tissues were
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stained with UEA-1 (red) and WGA (green). (n = 3 mice per group) (E)
Frequencies of F-ECs in the ileum of C57BL/6 mice injected with control 1gG
(control Ab) or LTBR-Ig twice (day 9), 3 times (day 16), or 4 times (day 23) (0 =3
mice per group). Error bars indicate SD. **P < 0.01 by using Student's t test. (F
to H) Values and means (F), representative whole-mount staining (G), and
expression of Fut2 (H) in ileal ECs isolated from Rorc®™/€"® mice injected with
a mixture of BM cells from Rorc8®8® and WT mice or Rorc8™&® and Lta™~
mice (n = 7 to 8 mice per group). Data of two independent experiments are
combined. Error bars indicate SD. **P < 0.01 by using Student’s t test. Scale
bars, 100 um.
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LTa-deficient or -sufficient mice and mixed with
BM cells from RORyt-deficient mice into lethally
irradiated recipients. F-ECs and Fut2 expression
were diminished in recipient mice reconstituted
with BM cells containing LTa-deficient RORyt*
1LC3, whereas substantial numbers of F-ECs, and
Fur2 expression, were induced in recipient mice
reconstituted with BM cells containing LTo-
sufficient RORyt* ILC3, indicating the importance
of LTa expressed by ILC3 in the induction of
F-ECs (Fig. 5, F to H). When the microbiota of
LTo-deficient mice or of mixed BM chimeras con-
taining LTa-deficient ILC3 were examined, sub-
stantial numbers of SFB were observed (fig. S6,
A and B). From these results, we concluded that
induction and maintenance of F-ECs were also
regulated by ILC3-derived LT in a commensal
flora-independent manner.

Epithelial fucosylation protects against
infection by Salmonella typhimurium

We next investigated the physiological role of
epithelial fucosylation. With exception of Paneth

A Part 1

cells, the Fut2 expression and ileal epithelial
fucosylation observed in wild-type mice were
abolished in Fut2™" mice (fig. S11, A to E). We
did not detect any overt changes in mucosal
leukocyte populations or in IL-22 or LT expres-
sion in ILC3 in these mice (fig. SIIF and table
S1). Epithelial fucosylation provides an environ-
mental platform for colonization by Bacteroides
species (6-9); however, it is unknown whether
epithelial fucosylation affects colonization and
subsequent infection by pathogenic bacteria. To
assess the effects of intestinal fucosylation on
pathogenic bacterial infection, we first infected
GF mice with the enteropathogenic bacterium Sal-
monella typhimurium, which has the potential to
attach to fucose-containing carbohydrate mol-
ecules (42). After infection with S. fyphimurium,
ECs from both part 1 (duodenum) and part 4
(ileum) of the mouse intestine were fucosylated,
and this was correlated with Fut2 expression
(Fig. 6, A and B). Previous reports have shown
that expression of IL-22 in ILCs is much higher
in mice infected with S. typhimurium (43, 44).

Part 4

B 400 * * * *

300~
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Fut2
relative expression

GF GF

Part 1 Part 4

Fut2++
uninfected

Fute++
S.t. infected

Fut2--
S.t. infected

UEA- WEA
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GF+

Therefore, S. typhimurium-induced epithelial
fucosylation may be mediated by ILC3. Indeed,
epithelial fucosylation was not induced in RORyt-
deficient mice after S. typhimurium infection
(Fig. 6C). To investigate whether epithelial fu-
cosylation has a role in regulating pathogenic
bacterial infection, we infected wild-type or
Fut2”" mice with S. fyphimurium and examined
disease progression. Compared with wild-type
mice, Fut2™~ mice were more susceptible to
Salmonella infection accompanied with the
observation of severe inflamed cecum (Fig. 6D).
Consistent with the inflammatory status of dis-
eased mice, the numbers of infiltrating leukocytes
in cecum were higher in Fuz27~ mice than in
wild-type mice (Fig. 6E). Although S. typhimu-
rium titers in cecal contents were comparable
between wild-type and Fut2™~ mice, increased
numbers of S. typhimurium infiltrated the cecal
tissue of Fut2”~ mice (Fig. 6F). These results
suggest that epithelial fucosylation is dispens-
able for luminal colonization by S. fyphimu-
riwm but inhibits bacterial invasion of intestinal

Fig. 6. Epithelial fucosylation protects against infection by S. typhimurium.
(A) Whole-mount tissues from part 1 (duodenum) and part 4 (ileum) of the
small intestines of germ-free (GF) or S. typhimurium—infected GF mice were
stained with UEA-1 (red) and WGA (green) (n = 3 to 4 mice per group). Scale
bars, 100 um. (B) Epithelial Fut2 expression in part 1 and part 4 of the small
intestines of GF and S. typhimurium-infected GF mice was analyzed by
using gquantitative PCR (n = 3 to 4 mice per group). Error bars indicate SD.
**P < 0.01 by using Student's t test. (C) Whole-mount tissues from ileum of
S. typhimurium~infected Rorc** or Rorc8™&® mice were isolated and stained
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with UEA-1 (red) and WGA (green) (n = 3 to 4 mice per group). Scale bars,
100 um. (D and E) Fut2*/* or Fut2™'~ mice were infected with S. typhimurium.
Red arrow shows inflammation of the cecum. Representative macroscopic
images (D) and hematoxylin and eosin-stained cecal sections (E) of infected
or uninfected mice (n = 5 mice per group). Scale bars, 100 um. (F) Numbers of
bacteria in the luminal contents, and within the tissues, of the ceca of Fut2*/*
or Fut2™~ mice were counted 24 hours after infection (n = 5 mice per group).
*P < 0.05 by using Student's t test. NS, not significant. Three independent
experiments were performed with similar results.
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Fig: 7. Scheme for the induction and regulation of epithelial fucosylation by ILC3. |L-22- and LTa-producing ILC3 are critical cells for the induction
and regulation of F-ECs. ILC3-mediated fucosylation of ECs is operated by commensal microbicta~dependent and ~independent manners. Commensal
bacteria, including SFB, stimulate CD90" ILC3 to produce IL-22 for the induction of Fut2 in ECs. On the other hand, LTaproduction by ILC3 are operated
by a commensal bacteria-independent manner. ILC3-derived IL-22 and LTa induce Fut2 and subsequent epithelial fucosylation, which inhibits infection by

S. typhimurium. {EC, intestinal epithelial cell.

tissues. Collectively, these results indicate that
epithelial fucosylation, regulated by Fut2, has
a protective role against infection by pathogenic
bacteria.

Discussion

The results of recent genome-wide association
studies imply that FUT2 nonsense polymor-
phisms affect the incidence of various metabolic
and inflammatory diseases, including chronic
intestinal inflammation such as Crohn’s disease
and infections with pathogenic microorganisms,
especially Norwalk virus and rotavirus in hu-
mans (13-19). Understanding the mechanisms
of regulation of Fut2 gene expression and fu-
cosylation, one of the major glycosylation events
in intestinal ECs, is therefore of great interest.
Previously, it was thought that epithelial fucosyl-
ation is initiated by direct interaction between
commensals and ECs (7). Indeed, several reports
have shown that epithelial fucosylation is actively
induced and used by Bacteroides (8, 9). Here, we
unexpectedly found that microbiota-epithelia
cross-talk is insufficient to induce epithelial fu-
cosylation, and rather, CD90* RORyt™ ILC3 are
necessary for induction of epithelial Fut2 ex-
pression and consequent fucosylation. ILC3 lo-
cated in the intestinal lamina propria express
high levels of IL-22 in a commensal bacteria-
dependent manner (Fig. 41 and fig. S7, A and
D). This IL-22 then presumably binds to I1-22R
expressed by intestinal ECs, leading to the
induction of Fut2 and initiation of the EC fu-
cosylation process (Fig. 7). In contrast to the ex-
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pression of I1-22, ILC3 express LT in a commensal
bacteria-independent manner. Spontaneous ex-
pression of LT on ILC3 also contributes to the
induction of epithelial fucosylation. To explain
the mechanism underlying induction of epithe-
lial fucosylation, we propose that epithelial fu-
cosylation is regulated by a two-phase system
orchestrated by ILC3 through the microbiota-
independent production of LT and the induc-
tion of IL-22 by commensal bacteria (Fig. 7).
Although other types of stimulation may also af-
fect epithelial fucosylation, our findings reveal a
critical role for ILC3.

Our results demonstrated that I1-22 produced
by ILC3 is necessary and sufficient for induction
of epithelial fucosylation when ILC3 are appro-
priately stimulated by commensal microbiota
(Fig. 4, A to E). In addition to IL-22-mediated
epithelial fucosylation, our results also show that
the level of epithelial fucosylation is markedly
reduced under LTa-deficient conditions (Fig. 5, A
to C). Our findings suggest two possibilities for
the IL-22/LT-mediated regulation of epithelial
fucosylation. The first is that Fut2 expression and
subsequent epithelial fucosylation are induced
when the intensity of synergistic or additive sig-
nals from IL-22 and LT is above the threshold
for activation of Fut2. For example, LT produced
by ILC3 provides the baseline signal for the mini-
mum expression of Fut2, whereas commensal-
mediated I1-22 produced by ILC3 drives the
maximum expression of Fut2 for the induction
of epithelial fucosylation. The second possibility is
that LT directly or indirectly regulates the expres-
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sion of IL-22R by ECs, and vice versa, and/or the
expression of 11-22. Indeed, a previous report has
shown that LT produced by ILC3 regulates the

“expression of IL-23 by intestinal dendritic cells,

as well as the subsequent production of I1L-22
by ILC3 after infection with C. rodentium (45).
How ILC3-derived I1-22 and LT regulate epi-
thelial Fut2 expression remains to be further
elucidated.

Our findings provide further evidence of the
critical roles of commensal microbiota, epithelial
cells, and innate immune cells (such as ILC3) in
the creation of a protective platform against in-
fection by pathogenic bacteria (Fig. 7). Ablation
of epithelial fucose allowed severe infection by
the pathogenic bacteria S. typhimurium (Fig. 6,
D to F). Although the detailed mechanisms of
why Fut2™~ mice are susceptible to Salmonella
infection remain unknown, one possibility is
that fucosylated mucin produced by goblet
cells blocks the attachment of S. typhimurium
to the epithelium. Commensal microbes contin-
uously stimulated goblet cells to release fucosyl-
ated mucin into the intestinal lumen (Fig. 2C).
Indeed, in a previous in vitro study, H-type 2 anti-
gens, which are synthesized by Fut2 in intestinal
ECs, prevented the binding of S. fyphimurium to
fucosylated epithelia; this supports our present
findings (¢2). Our findings suggest a protective
role for IL.C3-mediated mucus-associated fucosyl-
ated glycan against infection by pathogenic
bacteria.

1LC3 play critical roles in regulation of immune
responses during mucosal infection, especially
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by producing IL-22, which promotes subsequent
expression of the antimicrobial molecule ReglIly
by ECs (4, 36, 45). In addition to this, our results
describe a previously unknown biological role
for ILC3 in the induction and maintenance of
intestinal epithelial glycosylation, which leads
to the creation of an antipathogenic bacterial
platform in the intestine (Fig. 7). Furthermore,
epithelial fucosylation contributes to the cre-
ation of a cohabitation niche for the establish-
ment of normal commensal microbiota (20, 21).
Thus, ILC3-mediated control of epithelial-surface
glycosylation might represent a general strategy
for regulating the gut microenvironment. Tar-
geted modification of these mechanisms has the
potential to provide novel approaches for the
control of intestinal infection and inflammation.

Materials and Methods

Mice

C57BL/6 and BALB/c mice were purchased from
CLFA Japan (Tokyo, Japan). Fut2”~ and 11227~
mice (C57BL/6 background) were generated as
described previously, and Id2™~ mice were kindly
provided by Y. Yokota (33, 46, 47). Fut2”~ mice
were crossed onto the BALB/c background for
six generations. Rag2™~ mice were kindly pro-
vided by F. Alt. Ragl™"; Rorcs®'s®, [I67~, Lta™",
TerB7~67, and Igh6 ™~ mice were purchased from
The Jackson Laboratory. Antibiotic-treated mice
were fed a cocktail of broad-spectrum antibiotics—
namely, ampicillin (1 g/L; Sigma, Bandai, Japan),
vancomycin (500 mg/L; Shionogi, Osaka, Japan),
neomyecin (1 g/L; Sigma), and metronidazole
(1 g/L; Sigma)—or were given these antibiotics
in their drinking water, for 4 weeks as previous-
ly described (48). These mice were maintained
in the experimental animal facility at the Uni-
versity of Tokyo. GF and SFB or L. murinus
gnotobiotic mice (BALB/c) were maintained
in the GF animal facility at the Yakult Central
Institute and at the University of Tokyo. In all ex-
periments, littermates were used at 6 to 10 weeks
of age.

Isolation of bacterial DNA

The isolation protocol for bacterial DNA was
adapted from a previously described method (49),
with some modifications. Bacterial samples in
the duodenum and ileam were obtained from mice
aged 8 weeks. After removal of PPs and intestinal
contents, the intestinal tissues were washed three
times with phosphate-buffered saline (PBS) for 10 s
each time so as to collect bacteria embedded
within the intestinal mucus for analysis of micro-
bial composition. These bacteria-containing sol-
utions were centrifuged, and the pellets were
suspended in 500 pL of TE buffer (10 mM Tris-
HCl, 1 mM EDTA; pH 8.0). Glass beads, Tris-
phenol buffer, and 10% sodium dodecyl sulfate
(SDS) were added to the bacterial suspensions,
and the mixtures were vortexed vigorously for
10 s by using a FastPrep FP100 A (BIO 101). After
incubation at 65°C for 10 min, the solutions were
vortexed and incubated again at 65°C for 10 min.
Bacterial DNA was then precipitated in isopro-
panol, pelleted by centrifugation, washed in 70%
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ethanol, and resuspended in TE buffer. Extracted
bacterial DNA was subjected to 16S rRNA gene
clone library (50).

16S rRNA gene clone library analyses

For 16S rRNA gene clone library analyses, bacte-
rial 16S rTRNA gene sequences were amplified by
means of polymerase chain reaction (PCR) with
the 27F (5'-AGAGTTTGATCCTGGCTCAG-3") and

" 1492R (5-GGTTACCTTGTTACGACTT-3") primers.

Amplified 16S rDNA was ligated into the pCR4.0
TOPO vector (Invitrogen, Carlsbad, CA), and the
products of these ligation reactions were then
transformed into DH-50—competent cells (TOYOBO,
Osaka, Japan). Inserts were amplified and se-
quenced on an ABI PRISM 3100 Genetic Ana-
lyzer (Applied Biosystems, Foster City, CA). The
27F and 520R (5-ACCGCGGCTGCTGGC-3") pri-
mers and a BigDye Terminator cycle sequencing
kit (Applied Biosystems) were used for sequenc-
ing. Bacterial sequences were identified by means
of Basic Local Alignment Search Tool (BLAST)
and Ribosomal Database Project searches (50).

Immunohistochemistry

Immunohistochemical analyses were performed
as previously described, with some modifica-
tions (51). For whole-mount immunofluorescence
staining, the mucus layer was removed by flush-
ing the small intestine with PBS; then, the ap-
propriate parts of the small intestine were fixed
with 4% paraformaldehyde for 3 hours. After
being washing with PBS, whole-mount tissues
were stained for at least 3 hours at 4°C with
20 pg/mL UEA-1 conjugated to tetramethylrhod-
amine B isothiocyanate (UEA-1-TRITC; Vector
Laboratories, Burlingame, CA) and 10 pg/mL
wheat germ agglutinin (WGA) conjugated to
Alexa Fluor 633 (Invitrogen). For whole-mount
fluorescence in situ hybridization analysis, we
modified the protocol previously described (52).
After fixation with 4% paraformaldehyde, intes-
tinal tissues were washed with 1 mL PBS and
100 uL hybridization buffer (0.9 M NaCl, 20 mM
Tris-HCl, 0.1% SDS) containing 2 pg EUB338
probe (5-GCTGCCTCCCGTAGGAGT-3") conjugated
to Alexa Fluor 488 (Invitrogen). After overnight
incubation at 42°C, the tissues were washed with
1 mL PBS and stained for 3 hours with 10 pg/mL
‘WGA conjugated to Alexa Fluor 633 in PBS. After
being washed with PBS, all tissues were analyzed
under a confocal laser-scanning microscope (TCS
SP2; Leica Microsystems, Wetzlar, Germany).

Cell preparations

A standard protocol was used to prepare intes-
tinal ECs (53). Tissues of the small intestine
were extensively rinsed with PBS after removal
of PPs. After the intestinal contents had been
removed, the samples were opened longitudi-
nally and cut into 1-cm pieces. These tissue
pieces were mildly shaken in 1 mM EDTA/PBS
for 10 min at 37°C. After passage through a 40-um
mesh filter, intestinal ECs were resuspended in
minimum essential medium containing 20%
fetal calf serum (FCS). Lamina propria (LP) cells
were collected as previously described (54), with
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some modifications. Briefly, isolated small intes-
tine was shaken for 40 min at 37°C in RPMI
1640 containing 10% FCS and 1 mM EDTA. Cell
suspensions, including intestinal ECs and in-
traepithelial lymphocytes, were discarded, and
the remaining tissues were further digested
with continuous stirring for 60 min at 37°C with
2 mg/mL collagenase (Wako) in RPMI 1640
containing 10% FCS. After passage through a
190-um mesh, the cell suspensions were sub-
jected to Percoll (GE Healthcare) density gra-
dients of 40 and 75%, and the interface between
the layers was collected to retrieve LP cells. Stromal
cells were identified as CD45~ Viaprobe™ cells. For
fluorescence-activated cell-sorting (FACS) analy-
sis of ILCs, isolated LP cells were further puri-
fied by magnetic-activated cell sorting so as to
eliminate CD11b*, CDIlc*, and CDI9* cells. CDIb~
CDllc™ CD19™ Viaprobe™ CD45" LP cells were used
to detect ILCs.

Antibodies and flow cytometry

For flow cytometric analysis, isolated intestinal
ECs were stained with UEA-1-TRITC, anti-CD45-
Pacific blue (PB; Biolegend, San Diego, CA), and
Viaprobe (BD Biosciences, East Rutherford, NJ).
Viaprobe™ CD45~ UEA-1" cells were identified as
F-ECs. After blocking with anti-CD16/32 (FeyRIl/
III) (BD Biosciences), the following antibodies
were used to stain spleen and LP cells: anti-CD45-
PB (Biolegend), anti-CDI1b-phycoerythrin (PE), anti-
Foxp3-fluorescein isothiocyanate (FITC) (eBioscience,
San Diego, CA), anti-CDI1c-allophycocyanin (APC),
anti-CD11b-FITC, anti-Gr-1-Alexa647, anti-CD3-
APC, anti-B220-PE, anti-B220-APC, anti-IgA-FITC,
anti-CD4-eFluor450, anti-CDY0.2-FITC, anti-IL-17-
PE, and anti-IFNy-FITC (all from BD Biosciences),
and Viaprobe. CD11b™ CDI1¢” CD19™ LP cells were
purified by using anti-CDI1b, anti-CDIlc, and
anti-CD19 MicroBeads (Miltenyi Biotec, Bergisch
Gladbach, Germany). The results were obtained
by using a FACSAria cell sorter (BD Biosciences)
with FlowJo software (TreeStar, Ashland, Oregon).

Intracellular staining of Foxp3

and cytokines ,

Isolated LP cells were incubated for 4 hours at
37°C with 50 ng/mL phorbol myristate acetate
(Sigma), 500 ng/mL ionomycin (Sigma), and
GolgiPlug (BD Bioscience) in RPMI 1640 con-
taining 10% FCS and penicillin and streptomycin.
After incubation, cells were stained with anti-
bodies against surface antigens for 30 min at
4°C. The cells were fixed and permeabilized with
Cytofix/Cytoperm solution (BD Bioscience), and
cytokines were stained with the fluorescence-
conjugated cytokine antibodies. A Foxp3 staining
buffer set (eBioscience) was used for intracellular
staining of Foxp3.

Depletion of CD90" ILCs

Depletion of CD90" ILCs was performed as pre-
viously described, with some modifications (36).
Two hundred and fifty micrograms of a mAb to
CD90.2 or an isotype control rat IgG2b (BioXCell,
West Lebanon, NH) was given by means of intra-
peritoneal injection a total of three times at
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3-day intervals. Intestinal ECs and LP cells
were collected 2 days after the final injection.

Hydrodynamic IL-22 gene
delivery system

PpLIVE control plasmid (Takara Bio, Shiga, Japan)
or 1L-22-expressing pLIVE vector (pLIVE-mnll22)
was introduced into 8-week-old antibiotic-treated
C57BL/6 or Rorc®™5% mice, Ten micrograms per
mouse of plasmid diluted in ~1.5 mL TransIT-EE
Hydrodynamic Delivery Solution (Mirus Bio, Mad-
ison, WI) was injected via the tail vein within 7 to
10 s. To assess 11.-22 expression, serum 11-22 was
quantified by means of an enzyme-linked immu-
nosorbent assay (R&D Systems, Minneapolis, MN).

Generation of PP-null mice

mADb to IL-7R (A7R34) was kindly provided by
S. Nishikawa. PP-null mice were generated by in-
jecting 600 pg of mAb to IL-7R into pregnant
mice on embryonic day 14 (55).

In vivo treatment with LTpR-Ig and
antibody to IL-22

Neutralization antibody to IL-22 was purchased
from eBioscience. Eight-week-old Rag-deficient
mice were injected intraperitoneally with antibody
to I1-22 a total of five times at 3-day intervals (on
days 0, 3, 6, 9, and 12). Plasmid pMKIT-expressing
LTBR-Ig and LTBR-Ig treatment was performed as
described previously (56). Four-week-old C57BL/6
mice were injected intraperitoneally once a week
for 3 weeks (on days 0, 7, 14, and 21) with LTBR-Ig
fusion protein or control human IgGl at a dose
of 50 pg per mouse. Intestinal ECs were analyzed
3 days after the indicated injection time points.

Adoptive transfer of mixed BM

For mixed BM transfer experiments, RorcS™/s®
mice were irradiated with two doses of 550 rad
each, 3 hours apart. BM cells (1 x 107) from
Rorc®/8% mice was mixed with BM cells (1 x 107)
from C57BL/6 or Liz”~ mice and intravenously
injected into irradiated recipient mice. BM chi-
meric mice were used for experiments 8 weeks
after the BM transfer.

Isolation of RNA and real-time reverse
transcriptase PCR analysis

Intestinal ECs and subsets of LP cells were sorted
with a FACSAria cell sorter (BD Biosciences).
The sorted cells were lysed in TRIzol reagent
(Invitrogen), and total RNA was extracted in
accordance with the manufacturer’s instruc-
tions. RNA was reverse-transcribed by using a
SuperScript VILO cDNA Synthesis Kit (Invitrogen).
The cDNA was subjected to real-time reverse
transcriptase-PCR (rRT-PCR) by using Roche
(Basel, Switzerland) universal probe/primer sets spe-
cific for Lo (primer F: 5™-tccctcagaageacttgace-3', R:
5-gagttctgctigetgggeta-3, probe No. 62), Lif (primer
F: 5-cctggtgacoctgttgtte-3), R: 5-tgetectgagecaatgatet-3),
probe No. 76), 1122 (primer F: 5'tttoctgaccaaactcagea-3,
R: 5'-tctggatgtictggtegtea-3', probe No. 17), 112271
(primer F: 5';-tgctctgttatctgggetacaa-3', R: 5-
tcaggacacgtiggacgtt-3', probe No. 9), III0rS (primer
F: 5"-atteggagtggetcaatgte-3, R: 5-geatctcaggaggtocaatg-
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3,

probe No. 29), Fut2 (primer F: 5-gtgacttccaccat-

catee-3, R: 54ictgacagggtttggagett-3,, probe No. 67), and
Gapdh (primer F: 5'-tgteegtegtggatetgae-3', R 5'-
cetgetteaccacettettg-3', probe No. 80). RT-PCR
analysis was performed with a Lighteycler II in-
strument (Roche Diagnostics) to measure the ex-
pression levels of specific genes.

Infection with S. typhimurium

Streptomycin-resistant wild-type S. typhimurium
was isolated from S. typhimurium strain ATCC
14028. Fut2”~ (BALB/c background) and con-
trol littermate mice pretreated with 20 mg of
streptomycin 24 hours before infection were
given 1 x 10° colony-forming units of the isolated

S.

typhimurium via oral gavage. After 24 hours,

the mice were dissected, and the cecal contents
were collected. Isolated cecum was treated with
PBS containing 0.1 mg mL™ gentamicin at 4°C for
30 min so as to Kill bacteria on the tissue surface.
The cecum was then homogenized and serial
dilutions plated in order to determine the number
of S. typhimurium. Sections of proximal colon
were prepared 48 hours after infection. Infiltra-
tion of inflammatory cells was confirmed with
hematoxylin and eosin staining,.

Statistical analysis

Statistical analysis was performed with an un-
paired, two-tailed Student’s ¢test. P values <0.05
were considered statistically significant.
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ABSTRACT

Protective immunity against genital pathogens causing chronic infections, such as herpes simplex virus 2 (HSV-2) or human
immunodeficiency virus, requires the induction of cell-mediated immune responses locally in the genital tract. Intranasal immu-
nization with a thymidine kinase-deficient (TK™) mutant of HSV-2 effectively induces HSV-2-specific gamma interferon (IFN-
+)-secreting memory T cell production and protective immunity against intravaginal challenge with wild-type HSV-2. However,
the precise mechanism by which intranasal immunization induces protective immunity in the distant genital mucosa more effec-
tively than does systemic immunization is unknown. Here, we showed that intranasal immunization with live HSV-2 TK™ in-
duced the production of effector T cells and their migration to, and retention in, the vaginal mucosa, whereas systemic vaccina-
tion barely established a local effector T cell pool, even when it induced the production of circulating memory T cells in the
systemic compartment. The long-lasting HSV-2-specific local effector T cells induced by intranasal vaccination provided supe-
rior protection against intravaginal wild-type HSV-2 challenge by starting viral clearance at the entry site earlier than with intra-
peritoneal immunization. Intranasal immunization is an effective strategy for eliciting high levels of cell-mediated protection of
the genital tract by providing long-lasting antigen (Ag)-specific local effector T cells without introducing topical infection or in-
flammation.

IMPORTANCE

Intranasal (i.n.) vaccines against sexually transmitted diseases that are caused by viruses such as herpes simplex virus 2 (HSV-2)
have long been in development, but no vaccine candidate is currently available. Understanding the cellular mechanisms of im-
mune responses in a distant vaginal mucosa induced by i.n. immunization with HSV-2 will contribute to designing such a vac-
cine. Our study demonstrated that i.n. immunization with an attenuated strain of HSV-2 generated long-lasting IFN-y-secreting
T cells in vaginal mucosa more effectively than systemic immunization. We found that these vaginal effector memory T cells are
critical for the early stage of viral clearance at natural infection sites and prevent severe vaginal inflammation and herpes en-
cephalitis.

enital herpes, one of the most common sexually transmitted
iseases (STDs), causes primary infection in the genital epi-
thelium and establishes lifelong latency in the sacral ganglia (1). In
attempts to elicit protective immunity within the genital tract,
several vaccine candidates have been tested on humans and exper-
imental animals by using systemic and mucosal immunization
routes (2-8). However, a licensed vaccine for genital herpes has
not been developed, even though these experimental vaccines in-
duce antigen (Ag)-specific antibody (Ab) responses and cellular
immunity systemically in the host (2-8). The immunological
mechanisms responsible for protection against primary and sec-
ondary herpes simplex virus 2 (HSV-2) challenge require robust
CD4 and CD8 T cell responses (9, 10). Induction of Ag-specific
effector T cell production in the genital mucosa is the key to de-
veloping protective immunity against genital virus infection, be-
cause robust systemic memory T cell responses are not necessarily
correlated with host protection (11, 12). However, unlike the case
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with the spleen or liver, for peripheral tissues, such as the vagina,
skin, and intestines, infection or inflammation must occur at a
local site in order for circulating memory T cells to migrate into
the tissue (13-15). Recently, a novel strategy for vaccination
against genital herpes infection was developed through the injec-
tion of chemokines into the vaginas of mice immunized systemi-
cally with an attenuated strain of HSV-2 that lacks thymidine ki-
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nase (HSV-2 TK™) to guide the generated circulating memory T
cells into the vaginal mucosa (12). As shown by these results, in-
duction of Ag-specific effector T cells and their retention at the
potential virus invasion site (e.g., reproductive tissue) is critical
for protection against genital virus infection and is key to the
design of vaccines for STDs.

Intranasal (i.n.) immunization is an effective vaccine strategy
against STDs, such as human immunodeficiency virus and HSV,
because it can effectively induce Ag-specific immune responses in
the distant vaginal mucosa (16, 17). For instance, Ag-specific Ab
responses and protective immunity in the vaginal mucosa are in-
duced more effectively by i.n. immunization than by systemic im-
munization (5, 6). Previous results have shown that i.n. immuni-
zation with HSV-2 TK™ induces the production of HSV-2-specific
gamma interferon (IFN-+y)-secreting cells in both the vaginal tract
and the draining lymph nodes (dLNs). Subsequent intravaginal
(IVAG) wild-type (WT) HSV-2 challenge then induces protective
immunity in the genital tract and sensory ganglia at levels compa-
rable to those from IVAG immunization with the same attenuated
virus (17). However, the precise cellular mechanisms by which i.n.
immunization provides protection against genital herpesvirus in-
fection thatis superior to that provided by systemic immunization
remain unknown.

Here, we show the advantages of i.n. immunization with live
HSV-2 TK™ in generating a pool of long-lasting HSV-2-specific
IEN-+y-secreting effector T cells in the female genital tract; this
response controls virus proliferation at the entry site and is thus
critical for the rapid induction of protective immunity against
IVAG challenge with WT HSV-2.

MATERIALS AND METHODS

Mice. Female C57BL/6 mice (age, 6 to 7 weeks) and C57BL/6-Ly5.1 con-
genic mice (age, 6 to 7 weeks) were purchased from SLC and the Jackson
Laboratory, respectively. All of the mice were housed with ad libitum food
and water on a standard 12-h—~12-h light-dark cycle.

Viruses. The virulent HSV-2 strain 186syn™* (WT HSV-2) (18) and its
thymidine kinase mutant, 186TKAKpn (HSV-2 TK™) (19), were gifts
from D. Knipe (Harvard Medical School, Boston, MA). HSV-2 was prop-
agated on Vero cells, and its titer was determined as previously described
(20).

Ethics statement. All animal experiments were performed in accor-
dance with the Science Council of Japan’s Guidelines for Proper Conduct
of Animal Experiments. The protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) of the Institute of Medical
Science, University of Tokyo (IACUC protocol approval numbers
PA13-48 and PA11-91).

Immunization and viral challenge. Female mice were immunized
with a single i.n. or intraperitoneal (i.p.) dose of live HSV-2 TK™ at 10°
PFU. For i.n. immunization, anesthetized mice were inoculated by instil-
lation of 5 pl of virus suspension into each nostril. Vaginal challenge was
performed with 5 X 10* PFU (83 times the 50% lethal dose [LDs,]) of
HSV-2 186syn™ at 3 weeks postimmunization (p.i.) by using a previously
described protocol (21). Briefly, the mice received a subcutaneous injec-
tion of 2 mg medroxyprogesterone acetate (Depo Provera; GE Health-
care) a week before challenge. They were then preswabbed with a sterile
calcium alginate swab and inoculated with 10 jl of virus suspension into
the vaginal lumen by micropipette. To suppress circulating memory T cell
migration into the vagina, 0.5 g of pertussis toxin (PTx) (Sigma) was
injected i.p. at the time points indicated in the figure legends. Disease
severity was scored as follows (5): 0, no signs; 1, slight genital erythema
and edema; 2, moderate genital inflammation; 3, purulent genital lesions;
4, hind-limb paralysis; and 5, moribund.

13700 jviasm.org

Viral titers in vaginal and nasal washes. Vaginal washes were col-
lected on days 1 to 5 after infection by swabbing with calcium alginate
swabs and then washing twice with 100 ! of sterile phosphate-buffered
saline (PBS). Nasal washes were collected by flushing with 100 pl sterile
PBS twice through the posterior choanae (22). Viral titers were obtained
by titration of vaginal-wash samples on a Vero cell monolayer, as de-
scribed previously (20).

Tissue staining. To analyze inflammation in the vaginal tissues, frozen
sections of vaginal tissue were stained with hematoxylin and eosin. To
analyze the localization of CD4™ T cells, sections were stained with puri-
fied anti-CD4 or anti-CD45.1 Ab (eBioscience), or both, followed by bi-
otinylated secondary Abs (Jackson Immuno Research), streptavidin-
horseradish peroxidase (Zymed), tyramide-Cy3, or tyramide-fluorescein
isothiocyanate (FITC) (PerkinElmer Life and Analytical Sciences), or all
of the above, as described in the instructions of the Tyramide Signal Am-
plification (TSA) system (PerkinElmer Life and Analytical Sciences). For
analysis of proliferating cells, purified anti-Ki-67 Abs (eBioscience) were
used. All sections were finally counterstained with 4,6-diamidino-2-phe-
nylindole (Sigma) and analyzed under a confocal laser scanning micro-
scope (TCS SP2; Leica).

PCR analysis. By using a DNeasy blood and tissue kit (Qiagen), total
DNA was prepared from samples taken at various time points p.i. from the
cervical lymph nodes (cLNs) and nasal passages of i.n.-immunized mice.
Cells were isolated from the nasal passages (23) and dorsal root ganglion
(24) as previously described. PCR amplification was performed with
HSV-2 glycoprotein B (gB) gene-specific primers (5'-CTGGTCAGCTTT
CGGTACGA-3" and 5'-CAGGTCGTGCAGCTGGTTGC-3') to detect
HSV-2 viral DNA (20). The reactions were amplified for 40 cycles. To
normalize the tissue contents for each sample, a housekeeping gene, glyc-
eraldehyde 3-phosphate dehydrogenase (Gapdh), was detected by PCR am-
plification using the primers 5'-TGAACGGGAAGCTCACTGG-3' and
5'-TCCACCACCCTGTTGCTGTA-3"). To confirm the sensitivity of the
PCR analysis with gB-specific primers, PCR was performed with serially
diluted HSV-2 gB DNA cloned inside the pET 20b vector (Novagen).

In vitro coculture. To determine the presence of effector T cells, 10°
CD4 T cells purified with magnetic beads conjugated to anti-CD4 Ab
(Miltenyi Biotec) or whole lymphocytes prepared by tissue digestion with
collagenase were stimulated for 72 h in vitro with irradiated syngeneic
splenocytes as antigen-presenting cells in the presence of heat-inactivated
virus Ags, as described previously (20). To determine the ability of den-
dritic cells (DCs) to stimulate HSV-2-specific T cells, 10° CD4 T cells from
the dLNs of mice immunized i.n. 7 days previously with HSV-2 TK ™ were
cocultured as described previously (20) with 5 X 10* DCs purified with
magnetic beads conjugated to anti-CD11¢ Ab (Miltenyi Biotec); coculture
was performed for 72 h in vitro in the absence of added Ags. Culture
supernatants or stimulated cells were analyzed for IFN-vy production by
enzyme-linked immunosorbent assay (ELISA) or enzyme-linked immu-
nospot (ELISPOT) assay in accordance with the manufacturer’s instruc-
tions (eBioscience). For analysis of the ELISPOT assay data, the numbers
of IFN-+y-secreting cells per vagina or spleen were calculated by subtract-
ing the number of IFN-vy-secreting cells in wells in the absence of Ag from
that in wells stimulated with HSV-2 Ags. To determine the percentages of
proliferating cells, we performed a bromodeoxyuridine (BrdU) incorpo-
ration assay using a BrdU Flow Kit (BD Pharmingen) in accordance with
the manufacturer’s instructions. Briefly, mice were i.p. injected with 200
pl of 10 mg/ml of BrdU solution (2 mg/mouse) 24 h before challenge. At
24 h postchallenge (p.c.), cells were prepared from the vaginal tissues as
described previously (25). The cells were stained with allophycocyanin
(APC)-conjugated anti-CD4 Ab (eBioscience), fixed, and then permeab-
ilized for subsequent BrdU staining with FITC-conjugated anti-BrdU Ab.

Adoptive-transfer experiment. CD4 T cells (107) from dLNs of con-
genic mice (Ly5.1) that had been immunized i.n. with HSV-2 TK™ 7 days
previously were purified by using magnetically activated cell separation
(MACS) beads (MACS MicroBeads; Miltenyi Biotec) (25). The purified
cells were then adoptively transferred into C57BL/6 mice (Ly5.2) via the
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tail vein (25). Two hours later, the mice were infected IVAG with WT
HSV-2. Vaginal tissues 3 days after infection were stained for CD4 (red),
CD45.1 (donor-derived cells; green), and nuclei (blue).

For the virus challenge experiments, naive medroxyprogesterone ace-
tate-injected C57BL/6 mice received 2 X 107 whole cells or 2 X 10° CD4 T
cells isolated (by the use of magnetic beads conjugated to anti-CD4 Ab)
from the cLNs of C57BL/6 mice that had been immunized i.n. with HSV-2
TK™ 4 days previously. These mice were challenged IVAG with 10° PFU
(1.6 LDsg) of WT HISV-2 4 days after the adoptive transfer.

Data analysis. Data are expressed as means * standard deviations
(SD). Statistical analysis for most comparisons among groups was per-
formed with a two-tailed Student ¢ test; differences were considered sta-
tistically significant when the P value was <0.,05.

RESULTS

Intranasal immunization, but not systemic immunization, with
a live-attenuated strain of HSV-2 induces early and full protec-
tive immunity against IVAG WT HSV-2 infection. As previously
reported (17, 26), mice immunized i.n. with HSV-2 TK™ survived
without serious genital inflammation in the face of challenge with
IVAG WT HSV-2 (Fig. 1A and B), whereas nonimmune mice
showed rapid replication of the virus in the vaginal epithelium
(Fig. 1C), followed by the development of purulent genital lesions,
hind-limb paralysis, and death (Fig. 1A and B). The paralysis and
death associated with viral replication in the central nervous sys-
tem, as seen here, are consistent with the findings in a well-estab-
lished genital herpes mouse infection model (27). In contrast, al-
though the i.p.-immunized mice all survived without hind-limb
paralysis (Fig. 1A and B), they all had purulent genital lesions
(clinical score = 3) (Fig. 1B). Viral titers in the vaginal wash of
i.n.-immunized mice started to decrease on day 3 p.c., whereas the
viral titers in i.p.-immunized mice did not decrease until day 5
(Fig. 1C). The differences in viral titer between the i.n.- and i.p.-
immunized groups were not statistically significant (P = 0.056 on
day 3 p.c. and P = 0.200 on day 4), and similar results were ob-
tained in three different experiments. Histopathological analysis
of the vaginas of these mice on day 8 p.c. revealed that i.p.-immu-
nized mice had greater shedding of the vaginal epithelium
through infection than did i.n.-immunized mice (Fig. 1D); this
was consistent with the clinical score results (Fig. 1B). Therefore,
in.-immunized mice were able to develop antiviral immunity at
the infection site earlier than did i.p.-immunized mice and were
protected from both vaginal inflammation and death; we define
this as full protective immunity.

Nasally administered HSV-2 TK™ proliferates in the nasal
cavity but not in the draining lymph nodes. Because i.n. live
HSV-2 TK™ vaccination induced full protective immunity (Fig.
1), we next examined whether i.n. immunization with equivalent
multiplicities of infection (MOI) (10°> PFU) of heat-inactivated
HSV-2 TK™ could induce protective immunity. All mice given
heat-inactivated HSV-2 TK™ in. failed to survive WT HSV-2
challenge, as did nonimmune mice (data not shown), indicating
that the live form of HSV-2 TK™ was required to induce protective
immunity.

We next examined whether HSV-2 TK™ replicated in the nasal
cavity to initiate an Ag-specific immune response. Nasal washes of
mice immunized i.n. with HSV-2 TK™ were collected at various
time points, and the viral titers were measured. Administered
HSV-2 TK™ was first detected in the nasal washes at 3 h p.i.; the
viral titer then started to decrease, probably because some of the
inoculant was washed out by nasal flow. However, the titer then
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FIG 1 Ln. immunization with live HSV-2 TK™ induces protective immunity
against IVAG WT HSV-2 challenge. Groups of five mice were immunized by a
single i.n. or i.p. inoculation with 10° PFU of live HSV-2 TK™. Three weeks
postimmunization, the mice were challenged IVAG with 5 X 10* PFU of WT
HSV-2. (A and B) Survival rates (A) and genital pathology scores (B) after
IVAG HSV-2 challenge. (B) Disease severity was scored as follows (5): 0, no
sign; 1, slight genital erythema and edema; 2, moderate genital inflammation;
3, purulent genital lesions; 4, hind-limb paralysis; and 5, moribund. P < 0.01
for the i.n.- versus the i.p.<immunized group for days 6 to 9.p.c. (C) Viral titers
from vaginal washes collected at the indicated time points p.c. with IVAG WT
HSV-2. P = 0.056 on day 3 and P = 0.200 on day 4 for the i.n.- versus the
i.p.-immunized group. (D) Hematoxylin and eosin staining of the vaginal
tissues of each group of mice at day 8 p.c. The error bars represent means = SD
of the number of mice per group. (A to D) The results are representative of
three similar experiments.

started to increase again sometime between 24 and 48 h p.i. (Fig.
2A), suggesting that viral replication was occurring in the nasal
cavity.

To examine whether administered virus could reach the dLNs,
we performed PCR for virus-specific DNA by using HSV-2 gB-
specific primers (20). With this sensitive PCR method, which can
detect a single copy of HSV-2-derived DNA (Fig. 2B), no HSV-2-
derived DNA was detected in the cLNs (i.e., the dLNs of the nasal
tissue) of i.n.-immunized mice for at least 72 h p.i. (Fig. 2C). In
contrast, in the nasal passages, virus-specific DNA was detectable
from 24 h until 72 h p.i. (Fig. 2C), supporting the results of the
viral titer analysis (Fig. 2A). Therefore, i.n.-administered HSV-2
TK™ proliferates in the nasal cavity, but not in the cLNs. In addi-
tion, virus-specific DNA was not detected in the dorsal root gan-

- glion (Fig. 2D), where latent HSV-2 is generally observed (1).

Effector CD4 T cells are generated by Ag-delivering nasal
dendritic cells in the cervical lymph nodes and acquire the abil-
ity to migrate into systemic tissue. [IVAG immunization with the
same attenuated strain of HSV-2 that we used here induces pro-
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FIG 2 HSV-2 TK™ given intranasally proliferates in the nasal cavity but not in
the cervical lymph nodes. Mice in groups of three were each immunized with
a single intranasal dose of 10° PFU of live HSV-2 TK™. (A) Viral titers in nasal
washes were measured at the indicated times after immunization. (C and D)
PCR analysis for virus-derived DNA in the nasal passages (C), cervical lymph
nodes (C), and dorsal root ganglion (D) using HSV-2 gB-specific primers. To
normalize the tissue content for each sample, we detected the housekeeping
gene Gapdh. (B) To confirm the sensitivity of the PCR analysis with gB-specific
primers, PCR was performed with serially diluted gB-coding plasmid DNA. (A
to D) The results are representative of three similar experiments.

tective immunity that is mediated by several types of effector cell,
including CD4 T cells, CD8 T cells, and Ab-secreting cells; the
most crucial type of cell is the CD4 T cell (21, 28-30). To address
whether CD4 T cells are critical for early virus clearance following
WT IVAG HSV-2 challenge in i.n.-immunized mice, depletion
antibodies were i.p. injected a total of four times over the period
from 4 days before to 2 days after infection (Fig. 3A). None of the
CD4" cell-depleted i.n.-immunized mice survived after IVAG
challenge with WT HSV-2 (Fig. 3B). In contrast, both CD8-de-
pleted mice and natural killer (NK) cell-depleted mice survived
and recovered from moderate or mild vaginal inflammation (Fig.
3C); this finding was similar to previous findings of a requirement
for CD4 T cells in protective immunity against IVAG WT HSV-2
challenge in IVAG-immunized mice (21, 28-30).

Because we had confirmed that CD4 T cells were crucial for
inducing protective immunity against IVAG WT HSV-2 challenge
in in.-immunized mice, we next evaluated the place of antigen
presentation in the generation of HSV-2-specific CD4 T cells. To
address this issue, we performed in vitro culture of CD4 T cells
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collected from the cLNs or iliac lymph nodes (iLNs) (i.e., the dLNs
of the vaginal tissue) of mice immunized in. with HSV-2 TK™ at
various time points. These CD4 T cells were stimulated with
HSV-2 Ags in vitro. HSV-2-specific IFN-y-secreting CD4 T cells
(effector CD4 T cells) appeared at day 4 p.i.in the cLNs, whereas in
the iLNs, the appearance of the effector CD4 T cells was delayed to
day 7 p.i. (Fig. 4A).

We next examined whether HSV-2 Ag-presenting DCs were
present in these LNs. DCs prepared from these LNs from i.n.-
immunized mice at various time points were cocultured with
HSV-2-specific CD4 T cells with or without the addition of HSV-2
Ags to the in vitro culture. The DCs prepared from cLNs had the
ability to induce HSV-2-specific CD4 T cells to secrete IFN-y
without the addition of antigen (Fig. 4B), indicating that the DCs
had captured HSV-2 Ags from the nasal cavity and migrated to the
cLNs in 2 days, because we had already shown that viral DNA was
not detectable in the cLNs (Fig. 2C). In contrast, DCs prepared
from iLNs did not induce HSV-2-specific CD4 T cells to secrete
IFN-vy above background levels at any time point. Thus, nasal DCs
migrate and present viral Ags to naive CD4 T cells in the cLNs, but
not in the iLNs; we speculate that HSV-2-specific CD4 T cells are
generated in the cLNs and then migrate into the systemic tissues,
such as iLNs.

Intranasal immunization induces the accumulation of CD4
T cells in the vaginal mucosa for the induction of protective im-
munity with limited proliferation of CD4 T cells following
IVAG infection with HSV-2. We next performed an adoptive-
transfer experiment with a previously reported modified protocol
(25) using effector CD4 T cells prepared from cLNs to examine
whether these cells were able to migrate into the vaginal mucosa.
C57BL/6 mice (CD45.2) received CD4 T cells from the cLNs of
C57BL/6-Ly5.1 congenic mice (CD45.1) that were unimmunized
or had been immunized with i.n. HSV-2 TK™ 7 days previously.
Two hours after the adoptive transfer, the C57BL/6 mice were
challenged IVAG with WT HSV-2, and donor-derived CD45.1*
CD4 T cell accumulation in the vaginal mucosa was examined by
immunohistochemistry. CD45.1" donor-derived CD4 T cell ac-
cumulation was observed on day 3 p.c. in the submucosal region
of the vaginal tissues of the mice that had received CD4 T cells
prepared from mice immunized i.n. with HSV-2 TK™ but not in
that of naive CD45.1%7 CD4 T cell-transferred mice (Fig. 54, left
and middle). We also performed a similar experiment with CD4 T
cells prepared from the periportal LNs (i.e., the dLNs associated
with the area of i.p. immunization) of i.p.-immunized mice. We
found that CD4 T cells, which were able to migrate into the vaginal
mucosa, were generated in the periportal LNs of i.p.-immunized
mice (Fig. 5A, right).

Ln. immunization thus generated effector CD4 T cells in the
cLNs that were able to migrate to peripheral tissues, such as the
iLNs and vaginal mucosa (Fig. 5A). We next examined whether
in.immunization induced the formation of an effector T cell pool
in the vaginal mucosa. Without IVAG challenge, the total number
of CD4 T cells in the vaginal mucosae of mice immunized i.n. with
HSV-2 TK™ 3 weeks previously did not differ significantly from
that in unimmunized mice (Fig. 5B). After HSV-2 IVAG chal-
lenge, the total numbers of vaginal CD4 T cells in i.n.-immunized
mice increased significantly (from about 2,200 to 14,300), whereas
in i.p.-immunized mice they did not (from about 1,270 to 2,540)
(Fig. 5B). We then performed a BrdU incorporation assay to de-
termine the percentages of CD4 T cells that were proliferating. The
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FIG 3 CD4 T cells, but not CD8 T cells and NK cells, are critical for the induction of protective immunity in mice immunized intranasally with HSV-2 TK™
against IVAG WT HSV-2 challenge. (B and C) Mice in groups of four (B) or five (C) were immunized with a single i.n. dose of 10° PFU of HSV-2 TK ™. Three
weeks postimmunization, the mice were challenged IVAG with 5 X 10* PFU of WT HSV-2. CD4 T cells (B), CD8 T cells (C), or NK cells (C) were depleted from
the respective groups of mice by four injections of 100 g of each depletion Ab given before and after the IVAG HSV-2 challenge, as shown in panel A. Anti-CD4
(GK1.1), anti-CD8a (53-6.7), and anti-NK1.1 (PK136) Abs that were used for the experiments were purified from the supernatant of hybridoma culture. Survival
rates and genital pathology scores after IVAG HSV-2 challenge are depicted. The results are representative of three similar experiments. d, day; s.c., subcutaneous.

The error bars indicate SD.

absolute numbers of proliferating and nonproliferating cells were
calculated on the basis of the total cell numbers and the percent-
ages of CD4" BrdU™ cells or CD4™ BrdU™ cells, respectively, in
the vaginal tissue. The percentages of CD4 " BrdU™ cells or CD4 ™
BrdU™ cells were determined by fluorescence-activated cell sorter
(FACS) analysis (data not shown). The assay revealed that <10%
of vaginal CD4 T cells in all groups of mice were proliferating (Fig.
5B). In line with these findings, our immunohistochemistry data
suggested that most CD4 T cells were Ki-67 negative, whereas
Ki-67-positive cells were present in the epithelial layer (Fig. 5C).
To examine whether the effector T cells induced by i.n. immu-
nization in the cLNs were protective against IVAG HSV-2 chal-
lenge, we next performed an IVAG HSV-2 challenge experiment
in mice to which we had adoptively transferred whole cLN cells or
CD4 T cells alone from mice immunized with i.n. HSV-2 TK™.
Mice to which we had adoptively transferred whole cLN cells from
immunized mice survived without severe vaginal inflammation in
the face of challenge with 10° PFU (1.6 LDs,) of IVAG WT HSV-2.
In contrast, mice that received cells from unimmunized donors all
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died after the development of high viral titers in vaginal washes,
along with purulent genital lesions and hind-limb paralysis
(Fig. 6A). Unlike the mice that had received whole cLN cells from
i.n.-immunized mice, mice to which we had adoptively trans-
ferred CD4 T cells alone were not protected (Fig. 6B). Thus, HSV-
2-specific CD4 T cells alone prepared from the cLNs of i.n.-im-
munized mice were not sufficient for protection; the help of other
cell types was perhaps required.

Intranasal immunization with HSV-2 TK™ induces long-
lasting retention of HSV-2-specific IFN-y-secreting effector T
cells in the vaginal tissues. The findings described above led us to
measure the numbers of HSV-2-specific effector T cells. HSV-2-
specific IFN-y-secreting cells were detected in the vaginas of i.n.-
immunized mice at 3 weeks (Fig. 7A) and 6 weeks (data not
shown) p.i. without IVAG HSV-2 challenge; the numbers of these
cells were minimal in the vaginas of i.p.-immunized mice, al-
though similar levels of effector T cells were detected in the spleens
ofi.p.- and i.n.-immunized mice at 1 and 3 weeks p.i. (Fig. 7A and
B). Interestingly, HSV-2-specific effector T cells appeared at 1
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FIG 4 Effector CD4 T cells are generated by antigen-harboring dendritic cells
in the cLNs and acquire the ability to migrate into systemic tissues. (A) CD4™
cells were isolated at the time points indicated on the x axis from the cLNs or
iLNs of mice immunized with HSV-2 TK™and stimulated with antigen-pre-
senting cells in the absence or presence of added heat-inactivated virus. IFN-y
secreted from T cells was measured by ELISA. (B) CD11c* cells were isolated
at the time points indicated on the x axis from the cLNs or iLNs of mice
immunized intranasally with HSV-2 TK™. The cells were then cocultured with
CD4 T cells isolated from the cLNs of mice immunized i.n. 7 days previously
with HSV-2 TK™ (i.e., HSV-specific CD4 T cells) in the absence or presence of
added heat-inactivated virus. IFN-y secreted from T cells was measured by
ELISA. (A and B) The results are representative of three similar experiments. d,
day. The error bars indicate SD.

week p.i. in the vaginas of i.p.-immunized mice (Fig. 7B), al-
though their levels were significantly lower than those in the vagi-
nas of i.n.-immunized mice, indicating that the effector T cells
generated in the i.p.-immunized mice could migrate into, but
were not retained in, the vaginal tissues. Thus, i.n.-immunized
mice generated and maintained an HSV-2-specific effector T cell
pool for at least 6 weeks in the vaginal mucosa; this was not the
case with HSV-2-specific effector T cells in i.p.-immunized mice.
As well as inducing the early development of an HSV-2-specific
effector T cell pool in the vaginal tissues (Fig. 7B),i.n. HSV-2 TK™
vaccination resulted in prolonged retention of the effector T cell
pool in the reproductive mucosa.

Next, we examined whether the number of HSV-2-specific ef-
fector T cells in the vaginas of the mice in each group was affected
by the stimulation of IVAG WT HSV-2 challenge. The number of
HSV-2-specific IFN-y-secreting cells in the vaginas of i.n.-immu-
nized mice was about 100 before challenge (Fig. 7A); it increased
to about 350 on day 1 p.c. and 500 on day 3 p.c. (Fig. 7C). In
contrast, i.p.-immunized mice showed a slow increase in the num-
ber of vaginal HSV-2-specific IFN-y-secreting cells (from about
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FIG 5 Mice immunized intranasally with HSV-2 TK™ have increased num-
bers of nonproliferating CD4 T cells in their vaginal tissues following IVAG
infection with HSV-2. (A) CD4 T cells isolated from the cervical lymph nodes
of i.n.*immunized mice or unimmunized congenic mice or from the peripor-
tal lymph nodes of i.p.-immunized congenic mice (CD45.1) were adoptively
transferred to C57BL/6 mice (CD45.2), which were then challenged IVAG
with WT HSV-2. After 3 days, CD4 T cells (anti-CD4; red), donor-derived cells
(anti-CD45.1; green), and nuclei (DAPI [4',6-diamidino-2-phenylindole];
blue) were visualized. The epithelial layer is indicated by yellow arrowheads
(luminal edge) and white arrowheads (basement membrane). (B and C) Three
mice in each group were immunized with a single i.n. or 1.p. dose of 10° PFU of
HSV-2 TK™. Three weeks postimmunization, the mice were challenged IVAG
with 5 X 10* PFU of WT HSV-2. (B) At day 0 (challenge —) and day 1 (chal-
lenge +) after IVAG challenge with HSV-2, the percentage of proliferating
CDA4 T cells in the vaginal tissues was determined by BrdU incorporation assay.
Absolute numbers of proliferating and nonproliferating cells were calculated
on the basis of the total cell number and the percentage of CD4™ BrdU™ cells
or CD4™ BrdU™ cells, respectively, in the vaginal tissue. The capped error bars
relate to BrdU™ cells, and the uncapped error bars relate to BrdU ™ cells (indi-
cating SD). Statistical analysis was done on the total numbers of CD4 T cells. *,
P < 0.05; NS, not significant. (C) At day 1 after IVAG challenge with WT
HSV-2, CD4 T cells (anti-CD4; red) and proliferating cells (Ki-67; green) in
the vaginal tissues were visualized. The arrows point to Ki-67-positive cells. (A
to C) The results are representative of three similar experiments.
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FIG 6 Effector cells generated in i.n.-immunized mice are protective against
IVAG challenge with WT HSV-2. Whole cells (A) or CD4 T cells (B) isolated
from the cervical lymph nodes of i.n.-immunized or unimmunized C57BL/6
mice were adoptively transferred to naive C57BL/6 mice, which were then
challenged IVAG with WT HSV-2 at 10° PFU (1.6 LDs,) on day 4 after the
adoptive transfer. Survival rates, genital pathology scores, and viral titers in
vaginal washes after IVAG HSV-2 challenge are depicted as described in the
legend to Fig. 1. (A and B) The results are representative of two separate
experiments. The error bars indicate SD.

10 before challenge to 40 at day 1 p.c.and 190 atday 3 p.c.) (Fig. 7A
and C).

To address whether the vaginal effector T cells detected in the
two groups of mice were local resident effector T cells or migrant
effector memory T cells from the systemic compartment, we ex-
amined the absolute numbers of HSV-2-specific IFN-y-secreting
cells in the vaginas of each group of mice injected with PTx, an
inhibitor of Gia signaling, 2 h before and 2 days after IVAG WT
HSV-2 challenge. PTx inhibits chemokine-induced lymphocyte
migration (31). At 1 day p.c., after PTx treatment, the number of
effector T cells in the vaginal mucosae of i.n.-immunized mice
significantly decreased to levels similar to those seen in the mice
before IVAG WT HSV-2 challenge (Fig. 7A); at the same time
point, the vaginal effector T cells that had been observed in small
numbers in i.p.-immunized mice had mostly disappeared upon
PTx injection (Fig. 7C). These data revealed that the HSV-specific
IFN-v-secreting cells detected in the vaginas of i.n.-immunized
mice included both local effector T cells retained in the vaginal
mucosa after immunization and Gia signaling-dependent circu-
lating memory cells that had migrated rapidly from the systemic
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FIG 7 Mice immunized intranasally with HSV-2 TK™ have HSV-2-specific
IFN-v-secreting cells, not only in the systemic compartment, but also in the
vaginal tissues. Three mice in each group were immunized with a single i.n. or
ip. dose of 10° PFU of HSV-2 TK™. (C) Three weeks p.i., the mice were
challenged IVAG with WT HSV-2 at 5 X 10* PFU. Whole cells prepared from
the vaginal tissues or spleens of three mice in each group were pooled and
stimulated for 72 h in vitro with irradiated syngeneic splenocytes as antigen-
presenting cells in the presence of heat-inactivated virus antigens. The absolute
numbers of IFN-y-secreting cells in the vaginal tissues or spleen at 1 week p.i.
(B), 3 weeks p.i. (A), and days 1 and 3 postchallenge (C) were calculated by
ELISPOT assay. (C) Pertussis toxin (0.5 pg) was injected intraperitoneally 2 h
before and 2 days after IVAG infection. (A to C) The results are representative
of three similar experiments. The error bars indicate standard errors (SE) for
three wells in the ELISPOT assay. **, P < 0.01; NS, not significant.

compartment upon stimulation by IVAG WT HSV-2 challenge.
In contrast, the HSV-2-specific IFN-y-secreting cells detected in
the vaginas of i.p.-immunized mice were mostly migrant circulat-
ing memory T cells.

Local effector T cells are critical for the induction of protec-
tive immunity against WT HSV-2 infection. We next examined
the important issue of whether local effector T cells, circulating
memory T cells, or both are prerequisites for protective immunity
against IVAG WT HSV-2 infection. To examine the importance of
circulating memory T cells migrating into the vagina early in in-
fection, PTx was injected 2 days and 2 h before WT HSV-2 chal-
lenge. PTx injection of both in.-immunized mice and nonim-
mune mice did not affect survival rates or clinical scores (Fig. 8A).
In contrast, i.p.-immunized mice injected with PTx started to de-
velop vaginal inflammation earlier than did non-PTx-injected
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FIG 8 Local effector memory CD4 T cells are critical for the induction of
protective immunity against IVAG WT HSV-2 challenge. Groups of four mice
were immunized with a single i.n. (A) ot i.p. (B) dose of 10° PFU of HSV-2
TK™. Three weeks postimmunization, the mice were challenged IVAG with
5 X 10* PFU of WT HSV-2. Pertussis toxin (0.5 jug) was injected by the i.p.
route 2 h and 2 days before IVAG infection. Survival rates and genital pathol-
ogy scores after IVAG HSV-2 challenge are depicted. (A and B) The results are
representative of two similar experiments. The error bars indicate SD.

mice, and 50% of the i.p.-immunized mice given PTx died (Fig.
8B). These data demonstrate that i.n. HSV-2 TK™ vaccination
induced the production of local effector T cells, which, in addition
to the circulating memory T cell pool, contributed to early and
prolonged protection against HSV-2. In contrast, i.p. immuniza-
tion did not induce early protection owing to a lack of local vaginal
effector T cell induction capacity; HSV-2-specific circulating
memory T cells seemed to play a critical role in the protection
provided by i.p. immunization.

DISCUSSION

Genital herpesvirus invades the host by establishing an infection
in the vaginal epithelium before spreading to the central nervous
system and establishing lifelong latency (1). Severe signs, such as
hind-limb paralysis and death, are associated with virus replica-
tion in the peripheral nervous system in the genital herpes mouse
model (27); we therefore used this model to elucidate the cellular
mechanisms of induction of protective immunity against HSV by
i.n. vaccination with live-attenuated HSV-2 TK™. Local effector T
cells in the vaginal mucosa are critical gatekeepers for rapid clear-
ance of the invading HSV-2 at local infection sites by secreting
IFN-vy (25). Our study showed that i.n. immunization with live-
attenuated HSV-2 resulted in the induction of effector T cells and
their migration to, and retention in, the vaginal mucosa (Fig. 7A
and B). The effector T cells were retained for at least 6 weeks p.i.
(data not shown), whereas systemic vaccination was barely able to
establish a local effector cell pool, even when it induced the pro-
duction of circulating memory T cells in the systemic compart-
ment (Fig. 7A and B). Recently, a novel STD vaccine strategy com-
bining systemic immunization and chemokine treatment of the
vaginal mucosa was reported (12). This vaccine strategy solves the
problem of the lack of generation of a local effector T cell pool by
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systemic vaccination by using the locally introduced chemokines
CXCL9 and CXCL10 to direct circulating memory CD8 T cells to
the vaginal mucosa (12). In our current study, vaccination with a
single i.n. dose of live HSV-2 TK™ induced both a local effector T
cell pool in the vaginal mucosa and systemic memory T cells
(Fig. 7) without the need for artificial chemokine treatment of the
vaginal mucosa. The result was superior protection against IVAG
WT HSV-2 challenge by the initiation of viral clearance at the
vaginal mucosa earlier than with i.p. immunization (Fig. 1A, B,
and C). Our experiments with PTx treatment, which inhibits
chemokine-induced lymphocyte migration (31), revealed that lo-
cal vaginal effector T cells are critical for rapid viral clearance (Fig.
8). In i.p.-immunized mice, a delayed migration of circulating
memory T cells (at day 3 p.c.) from the systemic compartment to
the vaginal mucosa was induced by IVAG WT HSV-2 challenge
(Fig. 7C). However, these circulating memory T cells could not
prevent severe vaginal inflammation (Fig. 1B), indicating that the
presence of HSV-2-specific effector T cells locally soon after chal-
lenge is critical for rapid clearance of HSV-2 and prevention of
severe vaginal inflammation. In addition to local effector T cells,
rapid recruitment of circulating memory T cells was also observed
atday 1 p.c. in i.n.-immunized mice; these further contributed to
the improved clearance of HSV from the reproductive tissues
compared with systemic vaccination (Fig. 7C). These findings,
together with our finding that i.p.-immunized mice had circulat-
ing memory T cells that arrived at the vaginal tissues at 3 days p.c.
(Fig. 7C) and eventually cleared the virus from the vaginal mucosa
(Fig. 1C) and survived (Fig. 1A and 8B), suggest that circulating
memory T cells also help to prevent proliferation of the virus and
viral spread to the nervous system. This speculation is supported
by our observation that inhibition of the migration of circulating
memory T cells into the vaginal mucosa caused the virus to spread
to the central nervous system in i.p.-immunized mice (Fig. 8B),
even though the PTx treatment seems to be partially effective in
the vagina, given the fact that increased numbers of HSV-2-spe-
cific effector T cells are observed in the vaginal mucosa in PTx-
treated mice at day 3 p.c. (Fig. 7C).

Our ex vivo coculture experiments revealed that DCs, which
can induce IFN-vy secreting HSV-2-specific CD4 T cells in the

‘absence of exogenous Ags, were present in the cLNs of mice im-

munized i.n. with HSV-2 TK™ (Fig. 4B). Because viral DNA was
detected in the nasal passages, but not in the cLNs (Fig. 2C), these
results suggest that nasal DCs deliver viral Ags from the nasal
cavity to the cLNs and then present the Ags to naive CD4 T cells.
This observation confirms the results of previous reports showing
that mucosally administered Ags do not access the dLNs (20, 32).
In addition, we showed that i.n. immunization with heat-inacti-
vated virus did not induce protective immunity against IVAGWT
HSV-2 challenge (data not shown). It is unlikely that the heat-
inactivated virus breaks the mucosal barrier and accesses the DCs
residing in both the nasal epithelial layer and the submucosal re-
gion (33) or accesses the cLNs directly. Taken together, our results
indicate that the cLNGs are the location of Ag presentation by Ag-
harboring nasal DCs in i.n.-immunized mice; the effector T cells
generated there subsequently migrate to peripheral effector tis-
sues, such as the vaginal mucosa.

By adoptive-transfer experiments, we showed that cLN cells
prepared from i.n.-immunized mice protected against IVAG chal-
lenge with WT HSV-2 (Fig. 6A). However, interestingly, mice that
received only CD4 T cells prepared from the cLNs of i.n.-immu-
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nized mice did not survive IVAG HSV-2 challenge (Fig. 6B). These
data suggest that recruitment of an HSV-2-specific CD4 T cell
subset alone into the vaginal mucosa is insufficient to induce pro-
tective immunity in naive mice. lijima et al. (25) showed previ-
ously that DCs and B cells together are required for the recall
response of tissue memory CD4 T cells against IVAG HSV-2 chal-
lenge. Because we showed here that DCs carrying HSV-2 Ags did
not migrate to distant iLNs, we assume that adoptive transfer of
HSV-2-specific CD4 T cells alone from in.-immunized mice is
not sufficient for protection owing to a lack of other cell types—
perhaps B cells, as mentioned above— cooperating with these
CD4 T cells. In addition, a lack of HSV-specific CD8 T cells may
have been a contributor to the deaths in our mice, because CD8 T
cells seem to contribute to virus clearance: CD8-depleted mice
developed mild vaginal inflammation upon IVAG HSV-2 chal-
lenge, although the mice survived (Fig. 3).

The mechanism by which i.n. immunization with live HSV-2
TK™ can induce the production of HSV-specific effector T cells
and their long-lasting residence in the vagina, along with full pro-
tective immunity, is unknown. Previous studies have suggested
that circulating memory CD8 T cells induced by systemic immu-
nization with HSV-2 TK™ can be recruited to, and retained in, the
vaginal mucosa by CXCL9 and CXCL10 chemokine treatment,
but effector CD4 T cells cannot be retained for along time (12). In
our study, HSV-2-specific effector T cells were retained in the
vaginal mucosae of i.n.-immunized mice (Fig. 7A). This finding
suggests that the mechanism of retention of local effector CD4 T
cells in the vagina involves an adhesion molecule, such as integrin,
besides the previously reported Gia signaling-dependent chemo-
kines CXCL9 and CXCL10 (12). Tissue-associated DCs are capa-
ble of imprinting the tropism of a T cell during the priming phase.

" For instance, DCs residing in Peyer’s patches and the mesenteric
lymph nodes induce T cells to express the gut-homing molecules
integrin a4B7 and CCR9 by providing retinoic acid (34, 35). More
recently, in addition to this DC-mediated tissue imprinting, it has
been demonstrated that the tissue microenvironment determines
the tropism of effector T cells into the intestinal mucosa and their
retention there (36-38). Transplantation of peripheral LNs into
mesenteric lymphadenectomized mice fails to sustain gut-homing
T cells, despite retinoic acid production by DCs migrating with
Ags into the LNs (36). Moreover, a DC adoptive-transfer experi-
ment revealed that induction of the production of tissue-specific
homing molecules depends on the route of injection of transferred
DCs, but not on their origin (37, 38). Thus, in addition to tissue-
derived DCs, which can initiate the imprinting of tissue tropism of
T cells, other types of cells, such as stromal cells or fibroblasts, are
likely to be involved in tissue imprinting and retention processes.
From our results, it is interesting to postulate that immunization
with HSV-2 TK™ viaalocally specific microenvironment (namely,
the nasal epithelium) provides signals that support the induction
and retention of vaginal-tissue-associated adhesion and chemo-
kine molecules on HSV-2-specific effector CD4 T cells.

Our data provide the first evidence for the critical role played
by nasal-immunization-induced local vaginal effector T cells in
the development of protective immunity against genital virus in-
fection. A further understanding of the mechanisms of cross talk
between infected nasal epithelium and antigen-specific immune
cells in inducing the production of effector cells and their local
retention in the distant vagina and of the safety aspect of the i.n.-
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vaccination strategy is key to the design of vaccines that induce
optimal effector immunity.
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